Periprosthetic bone loss after total joint arthroplasty is a major clinical problem resulting in aseptic loosening of the implant. Among many cell types, osteoblasts play a crucial role in the development of peri-implant osteolysis. In this study, we tested the effects of calcitriol (1α α α α,25-dihydroxy-vitamin-D 3 ) and the bisphosphonate pamidronate on titanium-particleand TNF-α α α α-induced release of interleukin-6 and suppression of osteoblast-specific gene expressions in bone-marrow-derived stromal cells with an osteoblastic phenotype. We monitored the expression of procollagen α α α α1[1], osteocalcin, osteonectin and alkaline phosphatase mRNAs by Northern blots and real-time reverse transcription and polymerase chain reaction analyses. The release of various cytokines was also analysed by ELISA.
Periprosthetic bone loss after total joint arthroplasty is a major clinical problem resulting in aseptic loosening of the implant. Among many cell types, osteoblasts play a crucial role in the development of peri-implant osteolysis. In this study, we tested the effects of calcitriol (1α α α α,25-dihydroxy-vitamin-D 3 ) and the bisphosphonate pamidronate on titanium-particleand TNF-α α α α-induced release of interleukin-6 and suppression of osteoblast-specific gene expressions in bone-marrow-derived stromal cells with an osteoblastic phenotype. We monitored the expression of procollagen α α α α1 [1] , osteocalcin, osteonectin and alkaline phosphatase mRNAs by Northern blots and real-time reverse transcription and polymerase chain reaction analyses. The release of various cytokines was also analysed by ELISA.
We found that calcitriol or pamidronate could only partially recover the altered functions of osteoblasts when added alone. Only a combination of these compounds restored all the tested functions of osteoblasts. The local delivery of these drugs may have therapeutic potential to prevent or to treat periprosthetic osteolysis and aseptic loosening of implants.
Particulate wear debris is generated continuously from implant materials used in total joint replacement. Phagocytosis of wear debris produces a permanent signal for many types of cells within the periprosthetic space. Phagocytosis-activated cells such as macrophages, fibroblasts, osteoblasts and osteoclasts then secrete various compounds, including tumournecrosis-factor-alpha (TNF-α) which has been considered to be one of the most dominant pro-inflammatory cytokines involved in the pathogenesis of periprosthetic osteolysis. 1, 2 Bone resorption occurs when the extracellular bone matrix is degraded by osteoclasts, or enzymes released by other activated cells, adjacent to the bone. In periprosthetic osteolysis a granulomatous soft tissue, composed predominantly of fibroblasts, macrophages and foreign-body giant cells, develops at the interface of the bone and the prosthesis. These cells are exposed to particles and release various soluble mediators [3] [4] [5] [6] and enzymes. [7] [8] [9] [10] The formation of bone is the primary function of osteoblasts. However, wear debris-or TNF-α-challenged primary human osteoblasts and human osteoblast-like cell lines produce prostaglandin-E 2 (PGE 2 ), 11 interleukin (IL)-6, [12] [13] [14] [15] IL-8 and monocyte chemoattractant protein-1 (MCP-1). 16 These mediators are either activators of osteoclasts (PGE 2 and IL-6) 9 or chemotactic factors for leukocytes (IL-8 and MCP-1), 16 thereby stimulating bone resorption directly and by way of an aseptic inflammatory cascade. In addition, the exposure of human osteoblasts to particulate wear debris or TNF-α results in a considerable suppression of the steady-state level of procollagen α1 [1] mRNA followed by reduced synthesis of type-I collagen. 12, 13, 17, 18 Furthermore, it has recently been shown that different particles significantly influence the expressions of numerous genes in human osteoblasts. 19 Taken together, particleor cytokine-induced altered osteoblast function (reduced type-I collagen synthesis and increased production of pro-inflammatory mediators) may be a significant contributing factor to the development of periprosthetic osteolysis.
The reversal of altered osteoblast function in the periprosthetic milieu is an important target in the pharmacological management of periprosthetic osteolysis. Phagocytosis of wear debris activates nuclear transcription factor kappaB (NF-κB) by the activation of protein tyrosine kinases (PTKs) in human osteoblasts. The activated NF-κB can bind to the promoter region of the procollagen α1[I] gene and then inhibit the transcription of the α1 chain. 12, 18 The inhibition of either PTKs or NF-κB can completely reverse the negative effect of particles on the expression of procollagen α1 [I] . 12, 18 Furthermore, such diminished expression of procollagen α1 [I] mRNA and synthesis of type-I collagen can be normalised in vitro using insulin-like growth factor-I (IGF-I) or transforming growth factor beta-1 (TGF-β1). 13 In order to explore the potential efficacy of systemically administered pharmacological agents in the reversal of altered osteoblast functions, we tested the effects of hormonally active calcitriol (1α,25-dihydroxy-vitamin-D 3 ) and the bisphosphonate pamidronate on titanium-particle-and TNF-α-induced release of Il-6 and suppression of the synthesis of type-I collagen in the bone-marrow stromal cells with osteoblastic differentiation. We selected titanium particles as a prototype of particle wear debris and TNF-α, a key regulator of the periprosthetic inflammatory cascade, to elucidate the osteoblast-specific responses to these two compounds in the presence or absence of either calcitriol or pamidronate. We monitored the expression of procollagen α1[I], osteocalcin, osteonectin and alkaline phosphatase mRNAs and the release of various cytokines in these cultures.
Materials and Methods
Particles. The particles used in these studies have been described previously. 3, 7, 13, 17 Particles of commercially pure titanium (cp-titanium) with a nominal diameter of 1 to 3 µm were purchased from Johnson Matthey (Danvers, Massachusetts) and size separated by filtration. At least 90% of the particles were smaller than 3 µm in diameter. Polystyrene-based fluorescent Fluoresbrite (0.926 ± 0.027 µm) particles were purchased from Polyscience (Warrington, Pennsylvania). Based on the size distribution, a 0.1% volume/volume (v/v) particle suspension of titanium and Fluoresbrite contained approximately 2.2 to 6.7 x 10 8 particles/ml. The particles were sterilised by irradiation with 2.2 megarads (22 000 gray) from a 137 Cs source (model 143; JL Sheppherd Irradiator, San Fernando, California) and stored in sterile phosphate-buffered saline (PBS, pH 7.2). Sterile supernatants with or without particles and the conditioned media of cell cultures were endotoxin-free when analysed using the Limulus assay (E-Toxate; Sigma Chemical Co, St Louis, Missouri). Cells and cell cultures. Bone-marrow stromal cells with osteoblastic differentiation, henceforth called primary osteoblasts, were isolated from bone-marrow samples obtained from either the iliac crest or vertebral bodies of patients undergoing spinal fusion (Table I ). The collection of bone marrow was approved by the Institutional Review Board and written consent was obtained from each patient. The culture conditions, isolation and characterisation of the cells were as described earlier. 12, 20 Briefly, buffy coatseparated nucleated bone-marrow cells (2 x 10 7 /T75 tissueculture flasks; Corning Inc, Corning, New York) were cultured in alpha-minimal essential medium (Gibco; Invitrogen-Gibco Cell Culture Products, Carlsbad, California) containing 10% fetal bovine serum (FBS), 10 nM dexamethasone, 50 µg/ml of ascorbic acid, 100 U/ml of penicillin, 100 µg/ml of streptomycin, 0.25 µg/ml of amphotericin B and 50 µg/ml of gentamicin, all purchased from The Sigma Chemical Company. The first medium change was performed on day 7, also containing 5 mM beta-glycerophosphate (Sigma). Dense colonies of primary cultures were trypsinised, 1 x 10 5 cells plated in 10 cm size Petridishes (Corning), and cultured to obtain a confluent mono- 22 (Molecular Probes Inc, Eugene, Oregon) were applied according to published protocols since these reagents have a high specificity for alkaline phosphatase. The stained cells were then analysed by fluorescent microscopy (Nikon) and fluorescence-activated cellsorter (FACS) analysis (FACScan; BD PharMingen, San Diego, California) using Cell Quest software (BD PharMingen). The FACS method provides an accurate and highly reproducible assay to determine the fraction of alkaline-phosphatase-positive cells in individual cultures (10 000 cells were analysed in each measurement). Treatment of cells. The confluent cultures of cells were subjected to serum starvation (0.3% FBS) for 24 hours before treatment. The culture media were then replaced with fresh medium containing 0.3% FBS and various compounds. Proliferation and viability assays, FACS analysis and total RNA extractions were carried out on the cultured cells. The tissue-culture media were collected at various time points, centrifuged and stored at -80˚C. All analyses were performed to achieve at least five complete sets of experiments from five different individuals. Critical parts of the experiment, whenever additional cells/cultures of the same individual and/or from pooled samples were available, were repeated to confirm the results further and to exclude individual differences or possible technical errors using one (single) cell culture per assay. The results of repeats from the same individual were incorporated in statistical analyses, but those obtained from pooled cell cultures were not.
The following compounds were used either alone or in combination with particles. Calcitriol (Sigma) was used in concentrations ranging from 0.01 µM to 1 µM. Pamidronate (Bedford Laboratories, Bedford, Ohio) was used in concentrations ranging from 0.1 µg/ml to 100 µg/ml. TNF-α (R&D Systems Inc, Minneapolis, Minnesota) was used in concentrations ranging from 1 ng/ml to 50 ng/ml. Titanium particles were applied in concentrations ranging from 0.0125% to 0.2% v/v. In experiments in which pamidronate and/or calcitriol were combined with either titanium particles, TNF-α or both, pretreatment for three hours with calcitriol and/or pamidronate was utilised and then either titanium particles, TNF-α or both were added subsequently to the cultures. Various concentrations listed above were tested in preliminary experiments using primary osteoblast cell cultures. 23 Only the most effective concentrations within the viable range were used.
Viability tests and
3 H-thymidine incorporation. The Trypan Blue exclusion test was used in situ in 24 well plates to determine cell viability as described previously. 12, 13, 17 Tests of viability were performed in duplicate and at least 200 cells were counted. The proliferation of cells was measured by incorporation of 
Measurement of cytokines and osteoblast-specific proteins
in culture media. The concentrations of cytokine in the supernatants of osteoblast cultures were measured by sandwich enzyme-linked immunosorbent assays (ELISA) in 96-well microtitration plates following the manufacturer's instructions. High-sensitivity assay kits for TNF-α (assay range from 0.5 to 32 pg/ml), IL-1β, IL-6 (sensitivity range for both from 0.12 to 8.0 pg/ml) and TGF-β1 (range from 31 to 2000 pg/ml) were purchased from R&D Systems. Secreted osteocalcin was measured by NovoCalcin and type-I collagen by Procollagen-C ELISAs purchased from Metra Biosystems (Mountain View, California). RNA extraction and Northern blot hybridisation. Total RNA was isolated from confluent cultures as previously described. 7, 17 Approximately 10 µg of total RNA were denatured in 50% formamide, 17.5% formaldehyde and 20 mM 3-(N-morpholino) propane-sulphonic acid at pH 7.0, 5 mM sodium acetate and 1 mM EDTA at pH 8.0, electrophoresed in 1% agarose gel and transferred to GeneScreen Plus membranes (New England Nuclear, Boston, Massachusetts). The membranes were stained with ethidium bromide and the level of 28S and 18S ribosomal RNA quantified by an Image1 Software package (Meta Imaging Series, Universal Imaging Corp, West Chester, Pennsylvania). The blots were hybridised with 32 P-dCTP-labelled specific cDNA probes at a concentration of 3 x 10 6 cpm/ml (specific activities; 2 to 6 x 10 8 cpm/µg cDNA). 7 Humanspecific cDNA probes (plasmids) were purchased from the American Type Culture Collection (ATCC, Manassas, Virginia). The following recombinant plasmid DNAs were used as probes: a 1.8 kilobase (Kb) long cDNA probe for procollagen α1[I] (Hf677; ATCC #61322), a 2.0 Kb probe for osteocalcin (ATCC #86269), a 1.8 Kb for osteonectin (ATCC #78193), a 1.5 Kb probe for alkaline phosphatase THE JOURNAL OF BONE AND JOINT SURGERY (ATCC #59633) and a 0.7 Kb probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH, ATCC #57234). After hybridisation, the blots were washed and exposed to Kodak XAR-5 film (Kodak, Rochester, New York) at -70˚C or the original Northern blot was analysed by STORM PhosphorImager using ImageQuaint image-analysis software (Molecular Dynamics, Sunnyvale, California). For the purpose of comparison of our previous and current studies, we normalised all Northern hybridisation results to the levels of 28S and 18S ribosomal RNA. 12, 13, 17, 18 Reverse transcription (RT) of RNA and quantitative real-time polymerase chain reaction (PCR). The first-strand cDNA was synthesised from 2 µg of total RNA priming by the oligo(dT) using SuperScript RT kit (Invitrogen, Carlsbad, California). The target cDNAs were amplified by quantitative real-time PCR using Cepheid Smart Cycler (Cepheid, Sunnyville, California). The primer pairs and their annealing temperatures used in real-time PCR analyses are given in Table II . The DNA-intercalating SYBR-Green I (Molecular Probes Inc, Eugene, Oregon) fluorescent dye was used to detect the PCR products. To verify that equal amounts of RNA had been added in each PCR reaction, real-time PCR amplification of the GAPDH housekeeping gene was performed in each sample. The relative differences between the samples at different time points were determined using the delta-delta cycle threshold (∆∆CT) method as described in the Applied Biosystems' protocol for real-time PCR (Applied Biosystems, Foster City, California). First, a ∆CT value was calculated for each sample by subtracting the cycle threshold (CT) value of GAPDH from the CT value of the corresponding sample. The ∆∆CT value was then calculated by subtracting the ∆CT of the control (untreated) from the ∆CT of a treated sample. In order to determine the differential expressions of various samples compared with untreated controls, the ∆∆CT values were converted to fold differences (compared with the control). Statistical analysis. Descriptive statistics were used to determine group means and standard deviations. The paired Student's t-test was performed between groups of interest. Linear regression was used to describe the relationship between the ratio of alkaline-phosphatase-positive cells and age. Analysis of covariance was used to determine whether the relationship between each outcome varied by gender while controlling for age. The level of significance was set at p < 0.05. All statistical analyses were performed using computer-based statistical software (SPSS/PC+ v 10.0.5; SPSS Inc, Chicago, Illinois).
Results
Sample characterisation and yield of alkaline-phosphatasepositive primary osteoblasts. Over a period of three years, 47 bone-marrow samples were cultured and tested for the differentiation of osteoblasts (Table I) . As shown in Figure  1 , the ratio of alkaline-phosphatase-positive cells significantly declined with age in both women and men (p < 0.001), a decrease which was not gender-related (p = 0.67). Although, the same culture conditions, isolation and characterisation of cells were adopted, 20 our results representing the age-and gender-related effects on the alkalinephosphatase-positive cell numbers are somewhat different from those described earlier. 24 This discrepancy is likely to be due to a different demonstration and analysis of our data, namely that we analysed alkaline-phosphatase positivity in the first-passage ('ready for experiment') cultures and the data are expressed as relative numbers of alkalinephosphatase-positive cells to the total cell number in one culture (Fig. 2) . Bone-marrow-derived alkaline-phosphatase-positive human osteoblasts phagocytose particles. Bone-marrow-derived alkaline-phosphatase-positive primary human osteoblasts phagocytosed particles in a time-dependent fashion. Both metal (not shown) and polymeric (Fluoresbrite, Figs 2b and 2e) particles were engulfed by primary human osteoblasts analysed either by FACS (Fig. 2e) or fluorescent (Fig. 2b) and transmission light microscopy (not shown). These results were comparable to those which we reported earlier for human osteoblast-like MG-63 cells.
13
Effect of particulate wear debris, TNF-α α α α, pamidronate and calcitriol on the viability and proliferation of primary human osteoblasts. Although high concentrations of titanium particles (>0.5% v/v) may induce apoptotic cell death, 19, 25 we did not detect reduced cell viability between the range of 0.0125% and 0.2% v/v in primary osteoblast cultures. In contrast to cell viability, the uptake of 3 H-thymidine, used as a marker for cell proliferation, dramatically declined in the presence of particles in both a time-and dose-dependent manner (Fig. 3) .
Higher concentrations (50 ng/ml) of TNF-α significantly reduced cell viability, especially in long-term (>72 hours) The effect of titanium particles, TNF-α, calcitriol (vitamin D 3 ) and pamidronate on the proliferation of primary human osteoblasts (* p < 0.05; ** p < 0.01).
experiments in primary osteoblast cultures. As shown in Figure 3 , even a non-toxic concentration of 20 ng/ml of TNF-α (>95% viability) still decreased the proliferation of primary human osteoblasts. Pamidronate had no effect on the viability of primary osteoblasts in a range of concentration between 0.1 and 100 µg/ml whereas calcitriol dramatically reduced the viability at or above a concentration of 1 µg. Pamidronate increased and calcitriol (in a non-toxic range of concentration) inhibited the proliferation of osteoblasts in a timeand dose-dependent manner (Fig. 3) .
Expression of osteoblast-specific genes as a response to titanium particle or TNF-α α α α stimulation. Previously we reported that there was a consistent suppression of the level of procollagen α1[I] mRNA in primary human osteoblasts 12 and in various human osteoblast-like cells 12, 13, 17, 18 after exposure for 48 hours to titanium and other types of phagocytosable particles. In order to elucidate further the effect of particles on human osteoblasts, bone-marrow-derived human osteoblasts were exposed to titanium particles for 24 and 48 hours and then osteoblast-specific gene expression and release of protein were analysed. Titanium particles suppressed the steady-state levels of procollagen α1[I] and osteonectin mRNA (Fig. 4) in human bone-marrowderived primary human osteoblasts, but did not show a significant effect on mRNA expression of alkaline phosphatase (Fig. 4) and osteocalcin (not shown) genes. These results were comparable with those found earlier in titanium-stimulated MG-63, HOS or SaOS-2 osteoblast-like cell lines, 12, 13 except that expression of osteonectin-specific mRNA was never suppressed in osteosarcoma-derived osteoblast-like cells. 13 In contrast to the treatment of titanium particles, TNF-α inhibited the expression of procollagen α1[I], osteonectin and alkaline phosphatase genes, while the mRNA expression of ostecalcin did not change (Fig. 5) .
Recovery of suppressed procollagen α α α α1[I]
, alkaline phosphatase and osteonectin gene expressions by pamidronate and calcitriol. Preliminary results have shown that calcitriol can reverse the titanium-induced down-regulation of procollagen α1[I] gene expression in primary human osteoblasts. 23 In addition to calcitriol, we also tested the effect of the pamidronate on the expression of osteoblast-specific genes in the presence or absence of either titanium particles or TNF-α in cultures of primary human osteoblasts. Both compounds showed distinctive effects on osteoblastspecific gene expression. Calcitriol increased the steadystate levels of mRNA for procollagen α1[I] (Figs 4 and 5a) , alkaline phosphatase (Figs 4 and 5c) and osteocalcin (Fig  5d) , while the expression of osteonectin remained unchanged (Figs 4 and 5b) . Pamidronate had no effect on procollagen α1[I], osteonectin (Figs 4, 5a and 5b) and osteocalcin (Fig. 5d) gene expression, but significantly suppressed the alkaline-phosphatase mRNA level (Figs 4 and  5c) .
The most important observation of these experiments was that particle- (Fig. 4) or TNF-α- (Fig. 5) induced suppression of osteoblast specific genes was blocked when primary osteoblasts were exposed to either calcitriol or pamidronate. Specifically, titanium-particle-induced inhibi- tion of procollagen α1[I] gene expression was reversed completely by calcitriol and partially by pamidronate (Fig.  4) . The latter also reversed the particle- (Fig. 4) and TNF-α-induced osteonectin gene suppression (Fig. 5b) . TNF-α-mediated inhibition of either procollagen α1[I] or expression of alkaline phosphatase were completely abolished by calcitriol, while pamidronate had no effect (Figs. 5a and  5c ). TNF-α, however, specifically reduced the effect of calcitriol on the level of osteocalcin mRNA (Fig. 5d) . Since neither pamidronate nor calcitriol alone was able to restore completely all suppressed osteoblast-specific gene expression measured in our study, the combination of the two compounds was applied. Osteoblasts were pretreated simultaneously with pamidronate and calcitriol for three hours, and co-challenged with titanium particles and/or TNF-α for 24 and 48 hours. These experiments showed that the combination of pamidronate and calcitriol reversed the titanium-and TNF-α-induced suppression of all of the osteoblast-specific genes tested (Fig. 6) .
The release of type-I collagen in osteoblast cultures correlated well with the mRNA levels in the corresponding cultures. As type-I collagen forms 90% of the organic extracellular bone matrix, we tested not only the level of mRNA for procollagen α[I] but also the release of type-I collagen into the conditioned media of human osteoblasts in the presence or absence of titanium particles, TNF-α, pamidronate and calcitriol. Similar to mRNA expression (Figs 4 to 6), titanium particles (p = 0.03) and TNF-α significantly (p = 0.007) reduced the amount of secreted type-I collagen (Fig 7a) . Calcitriol significantly (p = 0.006) increased the production of type-I collagen and diminished the suppressive effects of both titanium particles and TNF-α on the synthesis of type-I collagen (Fig. 7a) . By contrast, pamidronate had no effect on the release of type-I collagen when it was added alone. However, pamidronate prevented the suppression of the production of type-I collagen in the presence of the titanium particles (Fig 7a) . Taken together, these two compounds were able to reverse the altered synthesis of type-I collagen suppressed by either titanium particles or TNF-α (Fig. 7a) , thus improving the potential of the synthesis of bone matrix.
Titanium particle-or TNF-a-induced IL-6 release is reduced by either pamidronate or calcitriol. To characterise further the effect calcitriol and pamidronate on primary osteoblasts treated with titanium particles and TNF-α, the levels of various cytokines were measured in the conditioned (Fig. 7b) . Both calcitriol and pamidronate substantially suppressed the basal secretion of IL-6 (Fig. 7b) . Titanium-and TNF-α-induced up-regulation of the release of IL-6 was inhibited by pamidronate, while calcitriol could only partially reduce the effect of titanium or TNF-α on the release of IL-6 (Fig.  7b) . These findings are particularly interesting since IL-6 has been shown to induce the differentiation and activation of osteoblasts. 9 Therefore, the inhibition of wear debris-or TNF-α-induced release of IL-6 by either pamidronate or calcitriol may have a beneficial effect on the normalisation of bone turnover by reducing the osteoclast-activating effects of osteoblasts.
Discussion
Aseptic loosening of an implant associated with focal periprosthetic osteolysis is one of the most common longterm complications of total joint replacement. Although the pathogenesis of this process has not been completely elucidated, the interaction between particulate wear debris and the cells of the periprosthetic milieu has been shown to be the most critical element. As our understanding of the complexity of the cellular response to wear debris is increasing, the possibility of developing pharmacological approaches to prevent or reverse the altered cellular functions in the periprosthetic space is becoming more realistic. The analysis of basic signal transduction pathways induced by wear-debris phagocytosis in various cell types and the identification of different molecules and mechanisms involved in wear-debris-induced bone resorption 1, 2, 12, 18, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] provide target molecules for the pharmacological prevention of periprosthetic bone loss. A few promising pharmacological compounds have already been tested in various animal models of wear-debris-induced osteolysis. [36] [37] [38] [39] [40] [41] However, most of these studies focus on the catabolic (bone resorption) aspect of bone turnover and ignore the anabolic (bone formation) processes.
Osteoblasts undergo crucial changes in the presence of wear debris and TNF-α. We have shown that titanium particles and TNF-α suppress the bone-forming capacity of human osteoblasts by decreasing the synthesis of bone matrix molecules while simultaneously increasing the osteoclast-activating potential of these cells by up-regulating the secretion of IL-6. This can clearly exacerbate osteoclastic bone resorption.
Bisphosphonates, including pamidronate, and vitamin-D metabolites have been widely used in various metabolic bone diseases such as Paget's disease, osteoporosis, osteolytic metastases and multiple myeloma. 42, 43 In our study, we have shown that pamidronate and calcitriol can normalise titanium particle-and TNF-α-induced altered osteoblast function at least in in vitro conditions. Most of the beneficial effects of bisphosphonates are due to their ability to inhibit the bone-resorptive properties of osteoclasts. The mechanisms responsible for this action have been described although some details still remain unclear. 42 Recently, a small number of studies have indicated that bisphosphonates directly affect various functions of osteoblasts which THE JOURNAL OF BONE AND JOINT SURGERY may also contribute to the positive impact of bisphosphonates on bone turnover. [44] [45] [46] For example, it has been shown that they influence the proliferation of osteoblasts. This effect, however, seems to be cell type-dependent since the proliferation of calvaria-derived primary mouse osteoblasts was increased, 45 whereas the proliferation of an immortalised osteoblast-like cell type was decreased. 44 Our results support the first observation above 45 since we have also detected increased proliferation of primary human osteoblasts in the presence of pamidronate (Fig. 3) .
Pamidronate has also been shown to be able to influence the bone-forming properties of osteoblasts by regulating the synthesis of various osteoblast-specific proteins such as type-I collagen and alkaline phosphatase. 44, 46 In our study, the positive effects of pamidronate on the expression of osteoblast-specific genes was particularly evident in that the suppressive effect of titanium particles and/or TNF-α on the expression of procollagen α1[I] and osteonectin genes in primary human osteoblasts was reversed (Figs 4 and 5) .
Bisphosphonates are also capable of decreasing the development and activity of osteoclasts indirectly through their effects on osteoblasts. Recently, new members of the TNF family such as the receptor activator of nuclear factorkappaB, RANK ligand (RANKL) and the decoy receptor osteoprotegerin (OPG) for RANKL have been described and have been found to be essential regulators of bone remodelling, and the differentiation and activation of osteoclasts. 47 Under physiological conditions, osteoblasts express RANKL which interacts with osteoclast-expressed RANK, thus activating the osteoclast. In the presence of pamidronate, osteoblasts produce a significant amount of OPG which neutralises RANKL thus inhibiting the function of osteoclasts. 46 This finding may be particularly important since it has been shown that RANKL/RANK is associated with periprosthetic osteolysis 29 and that the blockade of the RANKL/RANK system by OPG gene therapy successfully diminishes wear-debris-induced osteolysis in an animal model. 41 Bisphosphonates may also directly inhibit the function of osteoclasts via the osteoblast through an additional mechanism. Osteoblasts secrete significant amounts of IL-6 when exposed to titanium particles or TNF-α (Fig. 7b) . 12, 13 The secreted IL-6 can act directly on osteoclasts in a paracrine manner. 48 More importantly, the secreted IL-6, complexed with functional soluble IL-6 receptor, can mediate the autocrine effects of IL-6 on osteoblasts through the gp130-JAK (Janus kinase)-STAT (signal transducer and activator of transcription) pathway, 49 a signalling mechanism by which IL-6 may up-regulate the expression of RANKL. 50 By contrast, pamidronate completely diminished titanium-and TNF-α-induced secretion of IL-6 (Fig. 7b) thus inhibiting IL-6-dependent activation of osteoclasts. Based on the complexity of the effect of pamidronate on the function of osteoblasts (discussed above), it can be hypothesised that osteoblastic cells may be required for the complete antiresorptive effect of bisphosphonates.
Pamidronate exerts its positive effects on bone turnover by directly inhibiting the development and activity of osteoclasts and also by normalising altered osteoblast functions. It has been reported that different bisphosphonates inhibited periprosthetic osteolysis in various animal models. [51] [52] [53] Furthermore, the bisphosphonates, pamidronate and aledronate have already been used on patients with implants in order to maintain normal periprosthetic bone stock. 54, 55 However, none of these studies has investigated the cellular mechanisms of the action of bisphosphonates on human osteoblasts which may at least in part, mediate the beneficial effects of bisphosphonates.
In our study, calcitriol, which is the most potent vitamin-D metabolite, effectively reversed several altered osteoblast functions induced by titanium particles or TNF-α. The effects of calcitriol on osteoblasts have been well characterised. 56 It exerts its effect through its nuclear vitamin-D receptor (VDR) and plasma-membrane receptors distinguishing a genomic and a non-genomic rapid mechanism, respectively. Various cell types, including osteoblasts, have been shown to respond very rapidly, from seconds to minutes, to calcitriol challenge, a process which increases the intracellular calcium level and activates various intracellular signalling mechanisms including protein kinase A (PKA) and protein kinase C (PKC) pathways. 43, 57 The genomic VDR is present in numerous types of cells, thus, calcitriol can activate a variety of target organs and cells. 43 Furthermore, it has been shown that the non-genomic effects may influence the genomic actions by activating protein kinases which, in turn, phosphorylate the VDR complex changing the transcriptional activity of VDR on numerous genes. 43, 57 The overall effect, either genomic, non-genomic or a combination, largely depends on the vitamin-D derivative applied. 43 In our study, calcitriol increased the transcription and synthesis of the bone matrix molecules tested, except for osteonectin. Importantly, calcitriol reversed the suppressive effects of titanium particles and TNF-α on procollagen α1[I] and alkaline phosphatase genes, theoretically restoring the bone-forming capability of osteoblasts (Figs 4 and 5). Moreover, calcitriol was able to reduce the titanium particle-and TNF-α-induced secretion of IL-6 which, in turn, can reduce the osteoclast-activating function of osteoblasts as described above for bisphosphonates (Fig. 7b) .
While these direct positive effects of calcitriol on osteoblasts are promising, the role of vitamin-D metabolites in the treatment of diseases affecting bone turnover is controversial. 43 Calcitriol is a potent stimulator of bone resorption by increasing the differentiation and activation of osteoclasts in lower doses. On the other hand, high doses of calcitriol increase the activity of osteoblasts thus maintaining positive remodelling balance. The use of a high dose for long-term treatment, however, may result in hypercalcemia and hypercalcuria because of excessive intestinal calcium absorption. 43 Nonetheless, it has been shown that the combination of calcitriol and bisphospho-nates reduces the amount of calcitriol needed to achieve positive effects on bone metabolism, 58 thus reducing possible side-effects.
In conclusion, we have shown that wear debris (titanium particles) and TNF-α, two key factors in the development of periprosthetic osteolysis, significantly alter the normal function of osteoblasts. Neither pamidronate nor calcitriol alone was able to reverse completely all of the altered osteoblast functions which were induced by titanium particles and TNF-α. Pamidronate, for example, was more effective in reversing the expression of the osteonectin gene and reducing the secretion of IL-6 whereas calcitriol was a more potent inducer of procollagen α1[I], alkaline phosphatase and osteocalcin gene expressions.
Importantly, the combination of pamidronate and calcitriol could completely normalise altered osteoblast function-induced by titanium particles, TNF-α, or both (Fig. 6) . Therefore, based on this in vitro investigation, combination therapy with pamidronate and calcitriol may have the potential to prevent or to treat periprosthetic osteolysis and minimise the possible calcaemic side-effects of treatment with calcitriol.
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